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Abstract 

 

In order to further improve the steady-state control performance of model predictive torque control (MPTC), a double-vector- 
based model predictive torque control without a weighting factor is proposed in this paper. The extended voltage vectors 
synthesized by two basic voltage vectors are used to increase the number of feasible voltage vectors. Therefore, the control 
precision of the torque and the stator flux along with the steady-state performance can be improved. To avoid testing all of the 
feasible voltage vectors, the solution of deadbeat torque control is calculated to predict the reference voltage vector. Thus, the 
candidate voltage vectors, which need to be evaluated by a cost function, can be reduced based on the sector position of the 
predicted reference voltage vector. Furthermore, a cost function, which only includes a reference voltage tracking error, is 
designed to eliminate the weighting factor. Moreover, two voltage vectors are applied during one control period, and their 
durations are calculated based on the principle of reference voltage tracking error minimization. Finally, the proposed method is 
tested by simulations and experiments. 
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I. INTRODUCTION 

Recently, model predictive torque control (MPTC) has 
been widely researched and applied in motor drives as a high 
dynamic performance control strategy [1]-[4]. MPTC methods 
can be classified into two categories, i.e., continuous control 
set MPTC [5] and finite control set MPTC [6]. The continuous 
control set MPTC adopts space vector modulation (SVM) to 
obtain a desired voltage vector, which is predicted by calculating 
an open-loop optimal solution. Unlike the continuous control 
set MPTC, finite control set MPTC predicts system behaviors 

based on the inherent discrete nature of the motor inverter. 
Then the voltage vector evaluated by the torque and flux error 
based cost function, which can obtain optimal predictive 
behavior, is directly applied to the motor without modulation. 
Therefore, finite control set MPTC has the advantages of an 
intuitive concept, easy implement and multi-objective control 
ability [7]-[10]. 

However, there are some key challenges that need to be 
faced in MPTC methods, such as high computation burden 
and high current ripple [11]. In the conventional MPTC, all of 
the feasible voltage vectors need to be tested by a cost 
function to select the best one, which leads to an increase of 
the calculating time and restricts the application of multistep 
prediction [12]-[14]. On the other hand, in conventional MPTC 
methods, only one voltage vector is selected to apply to the 
motor in one control period, which results in poor steady-state 
control performance, i.e., high torque and current ripple, and 
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a variable switching frequency when compared with SVM- 
based methods [15], [16]. Therefore, in order to obtain 
satisfactory steady-state performance, the sampling frequency 
of the conventional MPTC has to be increased. 

To reduce the computational burden of MPTC, some 
improved methods have been presented, such as sphere 
decoding methods [17], [18] and the binary search tree 
algorithm [19]. These methods have the advantages of easy 
implementation and a low calculation burden because the 
optimization process is pre-solved offline. However, in 
practical applications, it is difficult to obtain a real optimal 
solution using the aforementioned offline methods due to 
changes in the operation conditions. Therefore, the online 
methods, which have the capability of real-time optimization 
to reduce the computation burden, are proposed in [20]. In 
this method, the number of candidate voltage vectors in the 
conventional MPTC are reduced from seven to three based on 
the principle of deadbeat predictive control. However, the 
steady-state performance is not improved. 

In order to reduce the current ripple in the MPTC method 
and to improve the steady-state control performance, some 
methods have been presented recently. Vector duty cycle 
based MPTC methods were proposed in [21]-[23]. In these 
methods, two voltage vectors, including a nonzero voltage 
vector and a null zero voltage vector, are selected in one 
control period. The durations of the nonzero vector and the 
null vector are calculated based on some principles, such as 
torque ripple minimization and torque deadbeat. To further 
reduce the current ripples of MPTC, a method where two 
nonzero voltage vectors are adopted during one control period 
was reported in [24]-[26]. The steady-state performance can be 
improved. This is especially true when the motor operates at 
a high speed. Although duty cycle based MPTC methods can 
improve the steady-state control performance, a weighting 
factor is still needed to balance the control of the torque and 
stator flux. Therefore, the tedious tuning work of the 
weighting factor is inevitable. On the other hand, a long 
prediction horizon can also be adopted to achieve a reduction 
of the current ripples [27]. However, in long prediction 
horizon based MPTC methods, when the predictive step 
increases, the number of the candidate voltage vectors also 
increases. This results in a further increase in the computation 
burden. This means that a contradictory issue between an 
improvement of the steady-state performance and an increase 
of the computation burden exists in long prediction horizon 
based MPTC methods. 

To further improve the steady-state control performance of 
the conventional MPTC, a novel MPTC method is proposed 
in this paper. The extended voltage vectors, which are 
synthesized by two basic voltage vectors, together with the 
basic voltage vectors are served as candidate voltage vectors 
(fourteen vectors). To avoid testing all of the candidate 
voltage vectors, the solution of the deadbeat torque control is 

calculated to predict the reference voltage vector from all of 
the feasible voltage vectors. Thus, the number of candidate 
voltage vectors can be reduced from fourteen to one 
according to the sector position of the reference voltage 
vector. Furthermore, a reference voltage tracking error based 
cost function is designed to evaluate the candidate voltage 
vectors. Information of the torque error and flux error is 
included in the reference voltage vector tracking error. 
Therefore, the weighting factor in the conventional MPTC is 
avoided. Moreover, in this paper, two voltage vectors are 
applied during one control period and their durations are 
calculated. Finally, the proposed method is tested by 
simulations and experiments. 

 

II. SPMSM MATHEMATICAL MODEL 

Omitting the complicated and tedious derivation process, 
the SPMSM mathematical model in synchronous rotating 
frame can be described as follows [28], [29]: 

s
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In this model, ud and uq are the stator voltages, id  and iq 
are the stator currents, ψd and ψq are the d-axis and q-axis flux 
linkage, Ld=Lq=L is the stator inductance, Rs is the stator 

resistance, ψf is the permanent magnets flux linkage, and  is 
the electrical rotor velocity (rad/s) . 

 

III. PRINCIPLE OF THE PROPOSED MPTC METHOD 

The control program of the proposed MPTC method mainly 
includes four parts, i.e. the desired voltage vector prediction 
and vector selection, the torque and flux prediction, the vector 
duration calculation and the pulse generation, as shown as Fig. 
1. In this method, the output of the speed controller is served 
as the reference value of the electromagnetic torque, and the 
reference value of the stator flux is obtained by the MTPA 
algorithm based on the reference value of the electromagnetic 
torque [30]. The details of this method will be elaborated in 
the following subsection. 

A. Extended Voltage Vectors 

In this paper, a two-level three-phase inverter is used, 
which has eight basic switching states, including six nonzero  
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Fig. 1. Control diagram of the proposed MPTC method. 
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Fig. 2. Basic voltage vector of a two-level inverter. 

 
voltage vectors (u1,u2,...,u6) and two zero vectors (u0, u7), as 
shown in Fig. 2. The conventional model predictive control 
selects a voltage vector that is able to minimize the cost 
function as the optimal vector among the eight basic voltage 
vectors in each control period. However, due to the number 
limitation on the basic voltage vectors, the steady-state 
control performance of the conventional model predictive 
control is unsatisfactory. Although duty cycle optimization 
[31]-[33] can be introduced to the model predictive control to 
improve the steady-state performance, the influence caused 
by the number limitation of the feasible voltage vectors still 
exists. 

To further improve the steady-state performance in the 
model predictive control, the six extended voltage vectors are 
synthesized by two adjacent basic nonzero voltage vectors. 
Therefore, the number of all the feasible voltage vectors in 
the model predictive control can be increased up to fourteen. 
Fig. 3 shows the distribution of the basic voltage vectors and 
the extended voltage vectors. In this paper, one control period 
is subdivided into two equal parts. Then the extended voltage 
vectors (u8, u9,..., u13) can be expressed as follows: 

7 12 2
s s

j j j

T T
u u u                  (4) 

where, j = 1, 2 . . . , 6 represents the available voltage vectors, 
and Ts is a control period. According to the principle of the 
model predictive control, the 14 voltage vectors must be used 
to predict the system behavior of the next control period. 
They must also be evaluated by the cost function to select the 
best one. This leads to an increase in the calculation burden 
of the control system. Therefore, it is necessary to develop a 
pre-selection method to reduce the computation time. 
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Fig. 3. Vector distribution of the basic voltage vectors and the 
extended voltage vectors. 
 

B. Desired Voltage Vector Prediction 

In order to reduce the computational burden, a deadbeat 
direct torque and flux control (DB-DTFC) algorithm is 
adopted to predict the desired voltage vector, which is used as 
the reference voltage vector for all of the feasible voltage 
vectors to reduce the selection range of the candidate voltage 
vector. 

According to the motor models (1), (2) and (3), a change 

of torque, i.e., the item 1k k
e eT T  , can be expressed as [34]: 
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On the other hand, since the effect of the stator resistance 
can be negligible, the relationship between the stator flux and 
the voltage can be approximated as follows: 
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According to the principle of the DB-DTFC algorithm, the 
torque value at the (k+1)th instant and the stator flux at the 

(k+1)th instant (i.e., 1k
eT  and 1k

s
 ) should be set to 

reference commands to obtain the expected response of the 
torque and stator flux in next control period. Thus, by 
combining equations (5) and (6), the solution of DB-DTFC is 
obtained as: 
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Therefore, the angle of the predicted reference voltage 
vector can be calculated according to (8) by transforming the 
solution of equation (7) to the αβ frame. 
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Fig. 4. Sector partition. 
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C. Candidate Vectors Selection 

For the double-vector-based MPTC method, the main 
works are the selection of two vectors and the calculation of 
their respective durations in one control period. In this paper, 
like the conventional double-vector-based MPTC method, the 
first voltage vector should select a nonzero voltage vector. 
However, in the proposed method, the number of all the 
feasible voltage vectors increases due to the added extended 
vectors when compared with the conventional MPTC, which 
means that the computation burden of the proposed method 
increases. Therefore, in order to reduce the selection range of 
the first nonzero voltage vector, the whole α-β plane is 
divided into 12 sectors, as shown as Fig. 4. There is only one 
nonzero voltage vector in each sector. Therefore, the first 
nonzero voltage vector can be selected according to the sector 
of the desired voltage vector (8). For example, if the sector of 
the desired voltage vector (uref) is 2 during the current control 
period, as shown as Fig. 4, the voltage vector u8 should be 
selected as the first nonzero voltage vector. This avoids 
testing all of the feasible voltage vectors in each control 
period. 

When the first voltage vector is selected according to the 
sector position, the candidate voltage vectors of the second 
voltage vector can be determined based on the principle of 
avoiding a high switching frequency. This means two 
nonzero voltage vectors, which are adjacent to the selected 
first voltage vector, and a zero voltage vector are considered 
as the candidate voltage vectors of the second voltage vector. 
Suppose uj (j=1, 2, ...13) is selected as the first voltage vector, 
then the candidate vectors of the second voltage vector 
should include uj−1, uj+1 and the zero vector u0,7. 

D. Cost Function Design 

After obtaining the candidate voltage vector, the next step 
is to determine the optimal voltage vectors and their durations. 
In this paper, the voltage tracking error based cost function is 

designed as follows: 

2 2

limd re f d i q re f q ig u u u u I    
 
     (9)

 

where udref and uqref are the solutions of the DB-DTFC, i.e., 
the desired voltage vector. In addition, udi and uqi represent 
the candidate voltage vectors, which need to be tested by the 
cost function. Furthermore, Ilim represents the current 
protection, which is shown as: 

max
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In (9), based on the mathematic models (1), (2) and (3), the 
d-axis and q-axis voltage error can be derived as: 

     (11) 
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where Te
i, ψd

i and ψq
i represent the predictive torque and stator 

flux of the tested voltage vector, respectively. Then the 
voltage tracking error based cost function (9) can be 
expressed based on the torque prediction error and the flux 
prediction error, which is shown as follows: 
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Its discrete form is: 
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According to (13) and (14), it can be seen that similar to 
the cost function of the conventional MPTC, the control 
targets of the cost function (9) are also the torque error and 
stator flux error. However, unlike the conventional MPTC, 
the cost function (9) can avoid the use of a weighting factor. 
The control balance between the torque and the stator flux is 
automatically implemented based on the present operating 
condition. 
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E. Vector Duration Determination 

Assume that the first voltage vector and the second voltage 
vector are ux and uy, respectively, and that their durations are 
t1 and Ts-t1. Then the cost function (9) can be expressed as: 
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Equation (15) should be minimized to obtain the optimal 
control performance of the torque and stator flux. By solving 
∂g/∂t1=0, the optimal time of the first voltage vector and the 
second voltage vector are obtained as: 
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It should be noted that there are three kinds of possible 
vector combinations for the selected two vectors in this paper. 
The time-assignment principle of the vector is described as 
following. 

1). When the two voltage vectors selected by the cost 
function are a basic voltage and a zero voltage vector, their 
vector durations are the same as (16). 

2). When the two voltage vectors selected by the cost 
function are a basic voltage vector and an extended voltage 
vector, their vector durations need to be reassigned according 
to (16). This is due to the fact that the extended voltage 
vector is synthesized by two basic voltage vectors. For 
example, the selected two vectors are a basic voltage vector 
u1 and an extended voltage vector u8, as shown as Fig. 4, and 
their durations are t1 and t2 calculated by (16). The first 
voltage vector selects the basic vector u1 and the second 
voltage vector u8 is synthesized by the basic vectors u1 and u2 
based on the (4). Thus, the real voltage vectors applied for the 
motor are the basic vectors u1 and u2. Then according to (16), 
the durations of the basic vectors u1 and u2 can be obtained 
by: 
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3). When the two voltage vectors selected by the cost 
function are an extended voltage vector and a zero voltage 
vector. For example, the first voltage vector is the extended 
voltage vector u8 and the second voltage vector is a zero 
vector. According to (4), the vector u8 is synthesized by the 
basic vectors u1 and u2. Thus, the real voltage vectors applied 
to the motor include three vectors, i.e., the basic vectors u1 
and u2 along with the zero vector u0(7). Then according to (4) 
and (16), the durations of these three vectors can be obtained 
by:  
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                (18) 

After selecting the two voltage vectors and calculating 
their durations, the drive pulses for all of the power switches 
in a two-level three-phase inverter can be generated. It should 
be noted that the two zero vectors (u0 and u7) should be 
selected reasonably to reduce the switch times. For example, 
if the voltage vector u1(100) is selected, then vector u0(000) 
rather than u7(111) should be followed. 

 

IV. EXPERIMENTAL RESULTS 

In this section, experiments on the proposed MPTC method 
in a SPMSM system were carried out. In the experiment, the 
prior two-vector-based MPTC [35] and the proposed MPTC 
method were tested under the same test conditions and the 
same sampling frequency 20kHz. The motor parameters are 
listed in Table I. For simplicity, the prior method in [35] is 
named as MPTC-I, and the proposed MPTC method is named 
as MPTC-II. 

Fig. 5, 6 and 7 present steady-state performance of both 
methods at low speed (200r/min), medium speed (1000r/min) 
and high speed (2000r/min) with a rated load. From top to 
bottom, the curves are the stator flux, torque and stator 
current, respectively. In addition, the corresponding harmonic 
spectrums of the stator current at low, medium and high 
speeds are shown in Fig 8, 9 and 10.  

At a speed of 200r/min, current THD analysis results under 
the control of the MPTC-I is 6.16%, while the current THD 
of the proposed MPTC-II is 5.21%. At a medium speed of 
1000r/min and a rated speed of 2000r/min, the current THD 
analysis results under the control of the MPTC-I are 9.97% 
and 14.17%, respectively. However, the current THD results 
of the proposed MPTC-II method are reduce to 7.63% and 
12.53%, respectively. This means that the current THD of the 
proposed method is lower than that of the MPTC-I method. 
In order to illustrate the universality of these results, current 
THD analysis results of both methods at various speeds are 
shown in Fig. 11. It can be seen that the proposed MPTC-II 
method has better steady-state control performance when 
compared with the MPTC-I. 

Apart from the steady-state performance comparison, 
dynamic response comparisons of both methods are shown in 
Figs. 12 and 13. Fig. 12 shows curves of speed, stator flux, 
torque and phase current, when speed step changes from 
200r/min to 2000r/min without a load. These experimental 
results demonstrate that the prior MPTC-I and the proposed 
MPTC-II can both achieve fast and non-overshoot speed 
tracking control without large torque fluctuations. In addition,  
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TABLE I 

PARAMETERS OF THE SPMSM 

d- and q-axes inductances Ld =Lq =11mH 

Stator phase resistance R =3Ω 

Rated speed nN =2000r/min 

Number of pole pairs P =3 

Rotational inertia J =0.00129kg·m2 

Flux linkage of permanent magnets ψa =0.35Wb 

Rated torque 6N.m 

Rated current 2.69A 

Power 1.25kW 

 

 
(a) 

 

(b) 

Fig. 5. Steady-state experimental results under the control of two 

methods at a low speed of 200r/min and rated load: (a) The prior 

MPTC-I, (b) The proposed MPTC-II. 

 

 
(a) 

 

(b) 

Fig. 6. Steady-state experimental results under the control of two 

methods at a medium speed of 1000r/min and rated load: (a) The 

prior MPTC-I, (b) The proposed MPTC-II. 

 
(a) 

 
(b) 

Fig. 7. Steady-state experimental results under the control of two 

methods at a high speed of 2000r/min and rated load: (a) The 

prior MPTC-I, (b) The proposed MPTC-II. 
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(b) 

Fig. 8. Current THD analysis results under the control of two 

methods at a low speed of 200r/min and rated load: (a) The prior 

MPTC-I, (b) The proposed MPTC-II. 
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(b) 

Fig. 9. Current THD analysis results under the control of two 
methods at a medium speed of 1000r/min and rated load: (a) The 
prior MPTC-I, (b) The proposed MPTC-II. 

 
the dynamic responses of the MPTC-I and the proposed 
MPTC-II are compared in Fig. 13, when the motor load is 
suddenly changed from 0 to the rated value. It is clearly seen 
that the motor speed can be recovered to its reference value 
quickly, which means that both methods can obtain satisfactory 
dynamic response and excellent external disturbance rejection 
performance. 

From the result comparison of both methods, it can be seen 
that the proposed MPTC-II method inherits the conventional 
advantage of model predictive control, i.e., a quick dynamic 
response, while improving on the steady-state control 
performance. Therefore, the proposed MPTC-II method is 
more attractive in practical applications. 

The switching frequencies of the MPTC-I and the proposed 
MPTC-II method are illustrated in Fig. 14. It can be seen that 
when compared with the MPTC-I, the switching frequency of 
the proposed MPTC-II is roughly constant, and that 
introducing an extended voltage vector slightly increases the 
switching frequency. In order to further evaluate the proposed 
MPTC-II method, a current THD analysis comparison  
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(b) 

Fig. 10. Current THD analysis results under the control of two 
methods at a high speed of 2000r/min and rated load: (a) The 
prior MPTC-I, (b) The proposed MPTC-II. 
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Fig. 11. Current THD analysis results of both methods at various 
speeds. 

 
between the MPTC-I and the proposed MPTC-II at the same 
switching frequency is shown in Fig. 15. To achieve a fair 
comparison, the switching frequency of the prior MPTC-I 
method is used as the reference to modify the sampling 
frequency of the proposed MPTC-II method. This is  
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(a) 

 

(b) 

Fig. 12. Dynamic test of two methods when the speed reference 

step changes from 200r/min to 2000r/min: (a) The prior MPTC-I: 

(b) The proposed MPTC-II. 

 

 

 

(a) 

 

(b) 

Fig. 13. Dynamic test of two methods when the load step changes 

from zero to rated value: (a) The prior MPTC-I, (b) The 

proposed MPTC-II. 

 

considered as common practice and standard when different 

control methods need to be compared, as shown in [36]. From 

Fig. 15, it can be seen that under the condition of similar 

switching frequencies, the current THD of the proposed 

MPTC-II is still smaller than that of the prior MPTC-I 

method at different speeds. This further demonstrates that the 

proposed MPTC-II method has better steady-state control 

performance when compared with the prior MPTC-I method. 
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Fig. 14. Average switching frequency of both methods. 
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Fig. 15. Current THD comparison of both methods at the same 

average switching frequency. 

 

In summary, the above results demonstrate that the proposed 

method inherits the advantage of a fast dynamic response 

from the conventional MPTC and improves the steady-state 

performance. 

In order to evaluate the influence of parameter variations 

on the control performance, experimental results under the 

control of the proposed method are shown in Fig. 16, where 

the machine parameters, including the resistance, inductance 

and permanent magnets flux linkage, are increased by 50% at 

a speed of 1000r/min. According to Fig. 16, it can be seen 

that resistance variations have no obvious influence on the 

control performance. It can also be seen that the inductance 

variation increases the torque and current ripple a little. In 

addition, from Fig. 16(d), it can be seen that although variation 

of the permanent magnets flux linkage causes torque/current 

ripple increases and generates a tracking error of the flux 

linkage, the whole control system works well. This shows 

that the proposed method has some robustness against 

parameter variations. 

Finally, a comparison of calculation times under the control 

of both methods is listed in Table II. It can be seen that that 

the proposed method need a little more time than the prior 

method. 
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(d) 

Fig. 16. Experimental results of the MPTC-II method with 
machine parameter variations: (a) Without machine parameter 
variations; (b) When the resistance increases 50%; (c) When the 
inductance increases 50%; (d) When the permanent magnets flux 
linkage increases 50%. 

 

TABLE II 
CALCULATION TIME OF BOTH METHODS 

Method the prior MPTC-I the proposed MPTC-II 

Times(us) 40.51 40.76 

 

V. CONCLUSIONS 

In this paper, an improved MPTC method has been 
presented and experimentally applied to a SPMSM system. 
This paper includes two major contributions. 1) An extended 
voltage vector is introduced to increase the number of the 

candidate voltage vectors and the control precision of the 
torque and stator flux is improved. 2) An extended voltage 
vector based MPTC method without a weighting factor is 
proposed, in which two voltage vectors are applied during 
one control period and an improvement of the steady-state 
control performance is achieved. In addition, the elimination 
of the weighting factor between the torque and the stator flux 
further increases the practicality of the MPTC method. 
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